4
and protein modeling are also limited in the case of the OT complex due to a lack of an extensive database of known folds or structures of membrane proteins existing in part in the ER membrane and also in the aqueous environment of either cytoplasm or the ER lumen.
As an alternative approach to study the structural organizations of the OT subunits, we carried out chemical cross-linking experiments using a molecule which contains homo bifunctional amino reactive groups with a 12 Å hydrophobic spacer arm between them to examine interactions between the potential domains of the OT subunits. We took the advantage of the membrane permeability and thiocleavability of the cross-linking reagent dithiobissuccinimidylpropionate (DSP) and prepared a collection of 20 yeast strains in which different OT subunits were HA-or myc-tagged to study the inter-relationship of OT subunits. Based on examination of the interactions between any two subunits of OT, a comprehensive view on interrelationship of these proteins was developed. To further explore which segments are involved in the interactions of OT subunits, we investigated the distribution of lysine residues in the 9 subunits of OT by which a covalent linkage between two proteins could occur and found that although different OT subunits display different distribution of lysine residues across their peptide backbones, all of them have such lysine residues, which are virtually located at the interface of the hydrophilic and the transmembrane segments. This finding leads to our speculation that probably these lysine residues located in the peripheral segments of transmembrane domains contribute to the cross-linking reaction. We then tested this idea by monitoring the cross-linking of OT subunits with two other enzymes, Alg1p and Pdi1p, which are not included in the OT complex but act in assembly of the lipid linked oligosaccharide by guest on July 17, 2017 http://www.jbc.org/ 
GCTAGGGATCCCAAAAACAATTGGGTACCCTGG-3' ). This fragment was then ligated
into the Pvu II/BamH I digested plasmid pFA6a-3HA-His3MX6 (14) followed by subcloning of a 300 base pair DNA fragment encoding the down stream region of OST6 gene into the Sac I/SacII sites to generate the plasmid, pFA6a-OST6-3HA-His3-300bp down stream of OST6MX6. Using this plasmid as the template, the PCR product which consisted of the OST6 gene followed by 3
HA epitope repeats, the HIS3 gene and the 300 base pairs down stream of OST6 gene was transformed into W303-1a strain, resulted in the strain AYY7 (W303-1a OST6::HA-his5 + S.
pombe). The colonies were selected on -His plates and the integration was confirmed by colony polymerase chain reaction (PCR), the expression of epitope tagged protein was confirmed by SDS/PAGE and Western blot analysis. The same procedure was utilized to generate AYY10
(W303-a OST4::13myc-Kan 7 colony polymerase chain reaction (PCR) and the expression of proteins was confirmed by
Western blot analysis using suitable antibodies. The integration of OT complex in these strains was checked by co-immunoprecipitation followed by SDS/PAGE and then Western blot analysis using available antibodies (anti HA, anti myc and antibodies to Ost1p, Wbp1p, Swp1p and Stt3p).
The co-immunoprecipitation procedure using mild detergent-this procedure was modified from
Karaoglu et al (15) . Yeast microsomes were collected by centrifugation and the membrane pellet was resuspended in 5% glycerol/20 mM Tris-Cl/pH 7.4/ 5 mM MgCl 2 /1mM EDTA/1mM
EGTA/1mM PMSF (final concentration of protein, 10 mg/mL). The microsomal suspention was then adjusted to contain 1.5% digitonin, 0.5 M NaCl, 20 mM Tris-Cl (pH 7.4), 3.5 mM MgCl 2 , and 1mM MnCl 2 . The mixture was centrifuged for 20 min at 100, 000g, and the clarified supernatant was used for immunoprecipitation. The immunoprecipitation conditions were as described earlier (15) . Samples were resolved on SDS/PAGE and transferred to nitrocellulose membranes. The membranes were then probed with the indicated antibodies.
The conditions for cross-linking and immunoprecipitation using harsh detergent-Microsomes
were collected as mentioned above and the membrane pellet (final concentration of protein, 10 mg/mL) was resuspended in PBS/1mM PMSF and incubated on ice for 0.5 hr. The cross-linking reagent DSP, which was dissolved in DMSO, was then added to the suspention to a final concentration of 2 mM; the final concentration of DMSO was 1% (For control analysis, the same 8 inhibitors. Immunoprecipitation was carried out using mouse anti-HA antibody followed by affinity purification using protein G agarose beads. After incubation with protein G agarose beads for two hours at room temperature, the immunocomplex was washed 3 times with 1 ml of LB buffer each time and once with 1ml of TBS. SDS sample buffer containing 50 mM DTT was used to cleave the cross-linking reagent and elute the proteins from protein G agarose beads. The protein samples were resolved by SDS/PAGE followed by Western blot analysis with anti-HA, anti-myc, anti-Ost1p, -Wbp1p, -Swp1p or -Stt3p antibodies.
Results
The inter-relationship of yeast OT subunits could be studied in a pair-wise manner using cross-linking reagent.
As outlined in Fig. 1 , when the microsomes prepared from a series of yeast strains (Table   1) were treated with DSP, it was expected that two proteins will be covalently linked together if there are lysine residues located within 12 Å of each other. To identify the cross-linked proteins, the complex was solublized using a harsh detergent treatment to disrupt the physical interactions between proteins while still maintaining the previously generated disulfide covalent linkage intact. Since one of the OT subunits was HA tagged, its covalent binding partner would be coprecipitated in the subsequent immunoprecipitation procedure using monoclonal HA antibody.
As shown in Fig1, in addition to the cross-linked protein with the epitope tagged protein, obviously, another pairs of proteins could also be covalently coupled provided their lysine residues are located within 12 Å. However, they would not being recovered in the immunoprecipitation procedure due to lacking of epitope tag on them. After further purification of the co-precipitated complex by immobilizing them on protein G agarose beads followed by washing, elution and finally cleaving the disulfide bond, the bound partner could be identified if (Figure1) . Thus, the interrelationship of any two of OT subunits could be studied by using different combinations of strains. Based on this pair-wise study, a comprehensive view on inter-relationship of yeast OT subunits could be developed. To obtain the original expression level of the proteins, the chromosomal copy of the corresponding genes were epitope-tagged. The growth rates of these generated strains were the same as the wild type strain which indicated that the epitope tags did not disrupt OT complex formation (data not shown).
Four essential gene products, namely Ost1p, Wbp1p, Swp1p and Stt3p were found to be cross-linked to each other.
As shown in Figure 2A , the microsomes of the strains which had Wbp1p, Swp1p and Stt3p HA epitope tagged were treated with DSP followed by immunoprecipitation using mouse anti-HA antibody under harsh detergent solubilization conditions. After cleaving the disulfide bond, Western-blot analysis revealed that Ost1p had been cross-linked to and then coprecipitated with Wbp1p, Swp1p and Stt3p, respectively (lanes 3, 6, and 9). In contrast, in the absence of the cross-linking reagent (lanes 2, 5 and 8), no co-precipitation of Ost1p was observed. As expected, immunoblots of the samples which were subjected to coimmunoprecipitation under gentle, non-denaturing conditions (lanes 1, 4, and 7) also showed the corresponding co-precipitation of Ost1p indicating that these three OT subunits individually remain associated with Ost1p under non-denaturing conditions. We further examined these biochemical interactions reversibly by utilizing the strain which had Ost1p HA tagged to Ost1p is found to directly interact with all other 8 subunits.
A variety of epitope-tagged strains, OST2HA, OST3HA, OST4myc, OST5HA, OST6HA, STT3HA, WBP1HA and SWP1HA, were used in this cross-linking study. As shown in Fig 3 , Western blot analysis using anti Ost1p antibody revealed that Ost1p could directly interact with all other 8 subunits of OT. Ost1p was the only OT subunit that could be crosslinked to all of the other 8 subunits. Since previous studies using techniques of non-denaturing immunoprecipitation and earlier studies that different subunit compositions of the OT complexes have been proposed using different purification procedures, but in all the cases Ost1p was always shown to be one of the components of the complex by different groups (16) (17) (18) (19) (20) .
Ost4p and Ost5p are found only to interact with specific components of OT complex
Ost4p and Ost5p are two small, hydrophobic, non-essential gene products in OT complex.
As shown in Figure 3 , lanes 6 and 8, Ost4p and Ost5p were found to be in close proximity with Ost1p. However, unlike some of the essential gene products in OT complex which contain long lumenal tails (Wbp1p, Stt3p and Swp1p) and were found could be cross-linked to Ost1p (see above), Ost4p and Ost5p contain short lumenal tails with most of their peptide backbones residing within ER membrane. Since it was demonstrated that the active site of OT is 30-40 Å away from the ER membrane in the ER lumen (21), we speculate that the close contact between
Ost1p with Ost4p and Ost5p may not contribute to the catalytic mechanism of OT, instead, these interactions may imply their roles on assembly of the complex. Indeed, dissimilar with the interaction pattern of the essential gene products which interact with each other as mentioned above, Ost4p and Ost5p are found only to interact with specific components of those essential gene products ( Table 2 ). The exact function of these small, hydrophobic proteins is not clear.
However, taken together our cross-linking study and the results of a genetic screen on OST5
gene (22) as well as a biochemical study on Ost4p which demonstrates that Ost4p specifically functions to stabilize the subcomplex of Stt3p-Ost4p-Ost3p (23), we suggest that Ost4p and
Ost5p may function as additional anchors in the membrane required for optimal stability of the essential gene products, Stt3p and Ost1p, respectively. In spite of their common accessory role,
Ost4p displays a multiple interactions with other OT subunits compare with Ost5p (Table 2) , this finding may fulfill the genetic observation that deletion of OST4 gene render the inviability of the cell at 37°C (24) whereas Ost5 gene is not essential for the viability of the yeast cell and its depletion only results in a reduction on OT activity to about half of wild type levels (22) .
Ost3p and Ost6p showed an identical pattern of cross-linking with other OT subunits
Based on the overall cross-linking study on any two of OT subunits, a comprehensive view on their inter-relationship was summarized in Table 2 . To our surprise, Ost3p and Ost6p
showed an identical pattern of cross-linking to other subunits. Interestingly, these two proteins Figure 5B , lanes 3 and 6), which indicated that these two pairs of proteins are within 12 Å to each other, whereas the physical contact between their polypeptide chains, if any, is insufficient to result in co-immunoprecipitation. In the cases of Ost5p and Swp1p, and of Ost2p and Ost4p, our results revealed that they are neither in close proximity nor do they physically interact.
Selectivity of the cross-linker
As demonstrated in Table 2 , some of the OT subunits exhibit multiple interactions with other components, we next ask if these multiple interactions were artifacts due to a lack of selectivity of the cross-linker we used. To investigate this idea, we chose another two ER proteins, an ER lumenal protein, protein disulfide isomerase (PDI) (8) , and an ER membrane protein Alg1p, an enzyme encoding a β-1,4-mannosyltransferase which adds the first mannosyl residue to GlcNAc 2 -PP-Dol in the assembly of full length of lipid linked oligosaccharides (7), to examine their cross-linking with OT subunits. The results revealed that no cross-linking was observed between OT subunits Ost1p, Ost2p, Ost3p, Stt3p, Wbp1p, Swp1p with Pdi1p ( Figure   6A ), an abundant ER lumenal protein. However, in the case of Alg1p, Ost1p among the OT subunits tested (Ost1p, Stt3p, Wbp1p and Swp1p) was found to be cross-linked to the Alg1p ( Figure 6B ). It is noteworthy that unlike OT subunits, Alg1p could not co-immunoprecipitate with Ost1p under non-denaturing condition ( Figure 6B , lane1), which suggests Alg1p does not exist in the OT complex, but could be chemically covalently bound to Ost1p by DSP, and hence is likely to be within 12 Å of OT in the ER membrane. These observations clearly indicate that the cross-linker can only react with two proteins which are located within a complex or in close proximity. This observation also implied that probably there are some common characteristic of the ER membrane proteins studied by us which distinguishes them from ER lumenal proteins and relates with the cross-linking reaction occurred among them.
The portion of transmembrane domains and/or the peripheral segments of the transmembrane domains of OT are responsible for the interaction among its subunits.
Only the amino group in the side chain of lysine residues on the protein backbone could react with cross-linker if the distance between them is 12 Å or less. Therefore, it was interesting to investigate the lysine residue distribution across the amino acid sequences of OT subunits.
Based on the information of PSORT II prediction program as well as experimental data, the topology and the lysine residues in approximate proportion to their positions in the polypeptide chains is shown in Figure 7A . It was demonstrated that except for Ost4p, a mini protein with 36 amino acid residues which contains only one lysine residue, all other 8 subunits contain multiple lysine residues. Some of them (Ost1p, Wbp1p, Stt3p) contain abundant lysine residues in their C terminal lumenal domains which is not unexpected due to the hydrophilic environment of the ER lumen. Additionally, although different OT subunits display different distribution pattern of lysine residues, a common phenomenon is that each subunit of OT complex, except for Ost4p
and Wbp1p, has lysine residues which are virtually located at the interface of the hydrophilic and the transmembrane segments with one to two amino acids away from the hydrophobic transmembrane domains ( Figure 7B ). In the case of Ost4p and Wbp1p, their corresponding lysine residues are slightly further from the ER membrane (Ksegment of Ost4p from 9 to 25 amino acid residues; K 421,422 relative to transmembrane segment of Wbp1p from 398 to 414 amino acid residues) ( Figure 7B ). These lysine residues probably serve as stop-transfer signals to define the membrane orientation of transmembrane proteins.
This observation initiates the question once again about the segments through which the crosslinking reaction occurs. Based on topology prediction only two components, Ost3p and Ost6p, are shown to have long cytoplasmic domains whereas the others contain much shorter corresponding segments and it was proposed previously that the active site of OT exists 30-40 Å away from the ER membrane in the ER lumen (21), therefore, we speculate that either those lysine residues, which are located close to the transmembrane domain or the lysine residues residing further in the ER lumen are responsible for the cross-linking reactions.
If those distal lysine residues in the ER lumen contribute to the cross-linking reaction among OT subunits, it seemed unlikely that Pdi1p, an abundant ER lumenal protein which acts sequentially with OT in the process of protein folding and assembly in the ER (8) and carries many lysine residues scattered across its peptide backbone could not cross-link with a collection of OT subunits, even those OT subunits which contain long lumenal tails (Ost1p, Wbp1p, Stt3p) ( Figure 6A ). Thus, it is highly possible that those lysine residues which are proximal or within the transmembrane domains of OT subunits are involved in the cross-linking among them.
Indeed, this idea was further supported by the cross-linking of OT subunit Ost1p with another ER membrane protein, Alg1p, with regard to their relationship as follows: several of OT subunits (Ost1p, Wbp1p, Swp1p) were found containing the consensus sequence which is distinctive among dolichol binding enzymes in their membrane-spanning domains and has been proposed to bind to the assembled lipid-linked oligosaccharides (25, 26) , and Alg1p was recently found exists as a homo-oligomer and performs dual functions in sugar transfer and in the recognition of dolichol-phosphate derived substrates 2 . Therefore, Alg1p could serve as a good model to investigate our speculation if it ideally interacts with one or more of the OT subunits that are involved in recognition and the binding of lipid-linked oligosaccharide donor. As expected, our result (as shown in Figure 6B ) strongly supports our proposal that the cross-linking of these ER membrane anchored OT subunits by DSP occurs through those lysine residues which locate proximal to the transmembrane domains of OT subunits.
Discussion
Previous genetic and biochemical studies have suggested that the 9 OT subunits of yeast exist in three subcomplexes: Ost1p-Ost5p, Stt3p-Ost4p-Ost3p and Ost2p-Wbp1p-Swp1p (15).
However, a number of observations that are not consistent with this model have been reported.
By using an anti-Ost6p affinity matrix, a novel "trimeric" complex could be isolated that consisted of Ost1p, Wbp1p and Ost6p as main components (16) . A high-throughput screen for protein-protein interactions of nearly all of 6,000 predicted proteins in S. cerevisiae revealed that using Ost1p as a bait protein, Ost6p, Stt3p and Wbp1p were found to interact closely with Ost1p (27) . Finally, the split ubiquitin system which is a recently developed approach to study membrane protein interactions in vivo (28) demonstrated that Ost1p directly interacts with Wbp1p. These different groupings of yeast OT subunits obviously were based on a variety of different experimental approaches by different groups.
In this paper, we utilized a single biochemical method to study subunit interaction of potential pairs of all OT subunits. The cross-linking reagent DSP used in this study has been successfully used in a variety of applications for intracellular and intramembrane conjugation of proteins (29) (30) (31) (32) (33) and has exhibited the expected selectivity with respect to the distance among proteins in our study. The results using this approach provide a new and more comprehensive understanding of inter-relationship between the components of the OT complex. Furthermore, compared with genetic means, this biochemical method is more direct for identification of protein-protein interactions.
Among the four essential gene products which were shown to be in close proximity to each other, namely, Ost1p, Wbp1p, Stt3p and Swp1p, physical interaction between Wbp1p and Swp1p has been observed both genetically and biochemically by te Heesen et al. (26) and this interaction has been further confirmed by the cross-linking approach used in this study.
However, the close inter-relationship between Ost1p and Stt3p was only indicated by a photolabelling study, a photoreactive pentapeptide, 125 I-bh-Asn-Bpa-Thr-Ala-Bpa-Am, could react with three subunits of OT, Ost1p, Stt3p and Ost3p. Since the photoreactive group can only react with carbon atoms within the vicinity of 3.1 Å (34), this result implied that these three subunits of OT must be in close proximity in terms of their tertiary structures. However, among them, Ost3p and Stt3p have previously been suggested to be within a subcomplex of Stt3p-Ost4p-Ost3p (15), whereas Ost1p was not detected in the same subcomplex using the same approach. Our results showing that Stt3p is in close proximity to Ost1p and Ost3p (Figure 2 , Figure 3 and Table 2 ), strongly supports the earlier photolabelling experiment and offers direct evidence that these three subunits are in close proximity. As for another essential gene product, Ost2p, it was previously proposed by a genetic approach that Ost2p, Wbp1p and Swp1p form a subcomplex (35) . However, a biochemical interaction between Ost2p and Swp1p was not observed in our experiment presumably because the distance between lysine groups on these two proteins are more than 12 Å from each other. Rather, another subunit, Wbp1p, bridges them via interaction with each of them. This proposal is in agreement with the result of a genetic study on mammalian homologues of Wbp1p, Swp1p and Ost2p (Ost48, Ribophorin II and DAD I respectively) (36) . Their study revealed that interactions exist between Ost48 and ribophorin II and between Ost48 and DAD I respectively, but no direct interaction between Ribophorin II and DAD I was observed (36) .
Unlike the essential gene products in OT complex which were found being close to each other, two non essential OT gene products, Ost4p and Ost5p, interacted only with specific members of OT complex, implying their accessory role to specific components of OT. It is interesting to note that the presence of small hydrophobic proteins is not uncommon in multisubunit membrane proteins complexes, such as mammalian signal peptidase complex SP12 (37), the translocation complexes of the ER Sbh1p (38) and of the mitochondria Isp6p (39) in yeast, and the bacterial cytochrome c oxidase SUIV(40). These small subunits are not essential for catalytic function of the respective protein complex but are required for complex assembly and optimal enzyme activity. Perhaps such small subunits serve as accessory elements to contribute to the assembly or stability of many membrane protein complexes.
It was believed that immunoprecipitation of an epitope-tag which was attached to a component of a protein complex could recover all other members in the complex with nondenaturing detergent treatment. However, in the case of OT complex, our experiment clearly establishes that these subunits are not equal in their ability to associate with each other. Our findings suggest that those proteins that are in the core of the enzyme complex interact tightly or play a significant role in assembling the complete protein complex. In contrast, other proteins that are not in the core and serve only as accessory components are so weakly associated with other proteins that their binding can not be detected even under non-denaturing detergent conditions.
In this study, we utilized a recently developed program, PSORT II, to predict the topology and potential transmembrane domains of proteins we studied. It is noticeable that different programs may result in different proposals on the topology of a protein, but the transmembrane domains as well as the relative distance between specific amino acid residues (lysine residues in this study) and ER membrane do not change using different prediction programs. In the case of OT subunits, the topology of Ost1p, Wbp1p and Ost4p are experimentally established and are consistent with the prediction of PSORT II program (41-43, 23), whereas no definitive experimental studies are available for the other proteins studied, for this reason, we utilized this single prediction program to analyze all the proteins in this paper. As mentioned above, since the transmembrane domains as well as the relative distance between lysine residues and ER membrane are not changed with different programs, the uncertainty on the topology will not influence the proposals we put forward based on this prediction program.
Studying protein-protein interactions is a useful tool to understand the functions of subunits as well as the mechanism of enzyme catalysis. It is noteworthy that recently some of the OT subunits were shown to interact with other proteins and therefore were proposed to participate in processes other than the N-glycosylation per se. Stt3p was found to interact with Kre5p and Kre9p in a synthetic lethal screen and was proposed to be involved in a Pkc1 regulated β-1,6 glucan cell wall synthesis 3 . Wbp1p was found to interact with one of the Sec61p proteinaceous channel components, Sss1p, by use of split-ubiquitin system which indicated that at least some of OT subunits are in close proximity to the Sec61 channel in the ER membrane (44). In addition, in the current study Ost1p was found to be cross-linked to Alg1p, which raises the possibility of interaction of the lipid linked oligosaccharide assembly pathway and the Nglycosylation process. In fact, enzymes that involved in protein translocation followed by N-glycosylation, protein folding and formation of disulfide bonds in the ER maybe tightly coupled (2) . Thus it is possible that OT is not only in proximity to the Sss1p component of the Sec61
complex, but also to the enzymes of the lipid-linked oligosaccharide synthesis pathway. Perhaps a cluster exists around each Sec61 pore that contains OT complexes and complex of the lipidlinked oligosaccharide synthase (LLOS). This hypothesis is shown diagrammatically in Figure 8 .
Hopefully, in the near future, this hypothesis could be tested by more extensive studies. 
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